INTRODUCTION
The annual per capita exposure of the U.S. population to medical radiation has increased almost 600% in the last 25 years (1), mainly due to diagnostic procedures, raising concerns about the potential risks of low doses of radiation to public health. There is also increasing epidemiological evidence at lower doses for the induction of health effects such as cancer (2) (3) (4) and possibly cardiovascular and other chronic diseases (5, 6) . At the same time, novel low-dose effects such as adaptive response and bystander effects are gaining recognition, meaning that direct linear extrapolation from effects at high doses may not be appropriate for low-dose exposures. Exposure to a low dose of radiation can induce an adaptive response that weakens the effects of a subsequent high dose, reflected as lowered mutation rate (7), reduced tumor growth (8) and protection against cytogenetic damage (9) . Bystander effects, in which cells or tissue not directly irradiated respond to a stress signal from nearby irradiated cells, may further complicate responses in the low-dose range. Effects in bystander tissue may be either deleterious, such as chromosome damage (10) , mutation induction (11) or carcinogenesis (12) , or protective, such as apoptosis (13) or terminal differentiation (14) .
Gene expression changes were established as an early indicator of cellular responses to low-dose radiation (15) . More recently, microarray analysis and whole genome screening have been applied to investigate the effects of low dose rate (16) (17) (18) as well as responses to low radiation doses in several cell culture (19, 20) and in vivo (21-24) models. Such whole genome studies can be used to reverse engineer signaling networks and help to unravel the molecular mechanisms of radiation response (25) .
While in vivo studies using human material are limited by clinical protocols, there is increasing awareness that two-dimensional tissue culture models may not fully represent the signaling interactions necessary to understand radiation response (26) . Well-characterized reconstructed skin models are commercially available, and because the skin is the largest organ in the body and will always be exposed when there is external radiation exposure, three-dimensional skin models are attractive for the study of low-dose radiation effects. We have used EPI-200, a reconstructed human epidermis model that maintains the microstructure and functions of human skin, and compared the global gene expression response at 4, 16 and 24 h after exposure to a high (2.5 Gy) or low (0.1 Gy) dose of low-LET protons.
The pattern of structural changes observed in the tissues differed after exposure to low and high radiation doses, and these changes were consistent with the most significantly over-represented functional classes of genes responding to the two doses. The gene expression results were also subjected to network analysis, which allowed the identification of TP53 as the most connected regulatory hub after high-dose exposure and HNF4A as the major hub after low-dose exposure. Immunofluorescence staining and Western blot analysis confirmed increased nuclear expression of HNF4A at the protein level after exposure to low-dose radiation and suggests a complex interplay between TP53 and HNF4A. HNF4A is a novel low-dose-responsive transcription factor with no previously described role in radiation response.
MATERIALS AND METHODS

Tissue Culture and Irradiation
EPI-200 (MatTek, Ashland, MA) tissues were cultured in 6-well tissue culture dishes with NMM-100 medium (0.9 ml/well) according to the manufacturer's instructions as described (27) . Samples were exposed to 0, 0.1 or 2.5 Gy 4.5 MeV protons using the track segment irradiation facility of the 5.5-MV Singletron accelerator at the Radiological Research Accelerator Facility (RARAF) of Columbia University. After irradiation, samples were returned to plates with fresh culture medium and cultured for 4, 16 or 24 h. During sample processing, the tissue and its supporting membrane were held in growth medium at room temperature for up to 10 min. From three to six biological repeats were performed for each condition and end point.
HCT116 and HCT116 p53 2/2 cells (28) were cultured in RPMI-1640 medium (Invitrogen, Carlsbad, CA) supplemented with 10% FBS in Lab-Tek 2-well chamber slides (Thermo Scientific, Waltham, MA). X-ray exposures were performed using a Coronado 250 kV therapy X-ray machine (Westinghouse, Pittsburgh, PA). After incubation for 4, 16 or 24 h, the cells were fixed in ice-cold methanol:acetic acid (3:1) for 20 min at 4uC, air-dried at room temperature, and stored at 220uC.
RNA Isolation and Characterization
Total RNA was isolated using the RNAqueous Kit (Applied Biosystems, Foster City, CA) according to the manufacturer's instructions and stored at 270uC. Briefly, the procedure included homogenization in a Potter homogenizer, binding to a spin column and on-column treatment with DNase I. The impurities were washed out and RNA was eluted with a commercial elution buffer preheated to 75uC. RNA yield and quality were assessed with the NanoDrop spectrophotometer (Thermo Scientific) and the Bioanalyzer 2100 (Agilent Technologies, Santa Clara, CA). All samples used for microarray analysis had ratio A 260 / A280 . 1.8 and RIN . 8.0.
Microarray Hybridization, Washing and Scanning
Unless otherwise specified, all microarray reagents and hardware were from Agilent Technologies. RNA (100 ng of each sample) was labeled and amplified with the one-color Quick Amp Labeling Kit. Labeled cRNA was purified with RNeasy (Qiagen, Valencia, CA) following the Agilent protocol and checked to ensure incorporation of .8.0 pmol of Cy3 per mg of cRNA prior to fragmentation and hybridization to Agilent Whole Human Genome Oligo Microarrays (G4112F) for 17 h at 65uC using the Gene Expression Hybridization Kit. Arrays were then washed following Agilent's recommendations, dried by centrifugation (1,500 rpm; 10 min), and immediately scanned at 5 mm resolution with an Agilent DNA Microarray Scanner (G2505B). Scan images were analyzed with default parameters using Feature Extraction Software 9.1 for background correction and flagging of non-uniform features.
Quantitative Real-Time PCR (qPCR)
The SuperScriptH III First-Strand Synthesis System (Invitrogen) was used to prepare cDNA from total RNA. TaqMan gene expression assays were purchased from Applied Biosystems (Table 1) , with the exception of PTGS2, for which previously designed primer/ probe sequences were used (29) . The TaqMan Endogenous Control for ACTB (4333762F, Applied Biosystems) was used as a control. Using 100 ng cDNA as input, qPCR reactions were performed with the ABI 7900 Real Time PCR System (Applied Biosystems) using Universal PCR Master Mix (Applied Biosystems) with initial activation at 50uC for 120 s and 94.5uC for 10 min followed by 40 cycles of 97uC for 30 s and 59.7uC for 60 s. All samples were run in triplicate.
Data Analysis
Background-corrected hybridization intensities were imported into BRB-ArrayTools, Version 3.7.1 (30) log2-transformed and median normalized. Features not significantly above background intensity in .25% of the hybridizations and those without a minimum 1.5-fold change in at least 20% of the hybridizations were filtered out, yielding a set of 13,683 features that were used in subsequent analyses. Class comparisons using a random variance t test were employed to identify differentially expressed genes in the various groups. Genes with P values less than 0.001 were considered statistically significant, and the false discovery rate (FDR) was estimated for each gene using the method of Benjamini and Hochberg (31) . The microarray data are available through the Gene Expression Omnibus database with accession number GSE16935.
The lists of significantly responding genes were annotated with PANTHER (32, 33) , which was also used for gene ontology analysis. The gene lists were imported into IPA (IngenuityH Systems, http:// www.ingenuity.com, Redwood City, CA) for core analysis. The most connected regulatory nodes from this core analysis were explored further using IPA Pathway Explorer to determine how many genes were potentially regulated by each node after exposure to the different doses.
Micronucleus Assay and Immunostaining
Irradiated and control tissues were fixed in 10% formalin for 24 h, then washed in PBS and gradually transferred to 70% ethanol for another 24 h prior to embedding in paraffin and sectioning. Hematoxylin and eosin (H&E) staining was performed according to a standard protocol. Micronuclei were counted in binucleate cells as described previously (34) . The proliferation index was defined as the 
percentage of binucleate cells in proliferating cell layers on the slides used to score micronuclei. The thickness of the cornified layer relative to total tissue thickness was measured on H&E-stained sections using Image J software (NIH, Bethesda, MD). For immunostaining, slides were deparaffinized in EZ-DeWax TM solution (BioGenex, San Ramon, CA), washed and treated for antigen retrieval in citrate-Tween buffer, pH 6.0, preheated to 95uC. The slides were left in the buffer for 30 min until they cooled to room temperature and then washed briefly. For cell lines, fixed cells were rehydrated in 13 PBS (2 3 5 min) and permeabilized for 5 min in 0.2% Triton X-100 in PBS. Using the antibody concentrations recommended by the manufacturers, the slides were hybridized to anti-HNF4A antibody (HPA004712, Sigma-Aldrich, St. Louis, MO) and detected with Texas Red-labeled secondary antibody (TI-1000, Vector Labs, Burlingame, CA). After washing in PBS, the slides were sealed with nail polish. Results were visualized on a Nikon confocal microscope C1 and merged using Image Pro Plus software (Media Cybernetics, Inc., Bethesda, MD). The fluorescence intensity of at least 300 cells was quantified for each point in repeated experiments.
Western Blotting
Nuclear extracts were isolated from HCT116 cells at 4, 16 and 24 h after irradiation with 0, 0.1 or 2.5 Gy of X rays. Nuclear extracts were prepared using the NucBuster protein extraction kit (Novagen, San Diego, CA). Prior to gel loading, samples were boiled in sample buffer (Invitrogen) for 5 min. Proteins were resolved by denaturing electrophoresis on discontinuous polyacrylamide slab gels (SDS-PAGE) and transferred to PVDF membranes (Invitrogen) according to the manufacturer's protocol. Membranes were blocked with 5% non-fat dried milk in TBS-T for 1 h at room temperature followed by overnight incubation with primary antibodies against HNF4A (HPA004712, Sigma-Aldrich) or HNF4A phospho-Ser142 (ab76649, Abcam, Cambridge, MA) at 4uC, with shaking. After washing in TBS-T, membranes were incubated with horseradish-peroxidase (HRP)-conjugated secondary antibodies (Sigma-Aldrich) for 1 h at room temperature. The signal was visualized with the enhanced chemiluminescence ECL Plus detection system (GE Healthcare, Piscataway, NJ). Then membranes were stripped and reprobed with antibodies specific to TATA-box binding protein (Sigma-Aldrich). The Western blot data were quantified by using an AlphaImager 2200 digital image system (Alpha Innotech, San Leandro, CA) and normalized to the TATA-box binding protein signals.
RESULTS
Physiological End Points
Tissues were examined microscopically in parallel with microarray experiments to monitor structural changes and effects on the tissues' normal differentiation program after radiation exposure. While nonirradiated controls showed normal differentiation and structural integrity, both radiation doses disrupted differentiation, resulting in hypercornification (Figs. 1 and 2A) and impairment of the granular layer ( Fig. 1) . Furthermore, the high dose resulted in severe disruptions of the basal layer (Fig. 1C) . The fraction of micronucleated binucleate cells was also measured as an indicator of DNA damage. Irradiated cells showed a dose-and timedependent increase in micronucleus frequency after both low and high doses (Fig. 2B) . The proliferative index assessed as the ratio of binucleate cells in proliferating cell layers increased at 48 and 72 h after low-dose exposure, in contrast with a decrease in proliferation at 72 h after exposure to the high dose (Fig. 2C ). Tissues were also examined at earlier times after irradiation, but no significant differences from controls were observed.
Gene Expression Profiles in Tissues Irradiated with Low and High Dose
The class comparison feature of BRB-Array Tools (30) was used for each of the six dose-time combinations to identify genes with significantly different expression levels (P , 0.001, FDR , 10%) from their timematched controls ( Table 2; Supplementary Tables 1-6 ; Relaxing the FDR requirement for this data set yielded 85 genes with P , 0.001 and FDR between 12 and 16%, however. In contrast, fewer genes responded at 16 h after the higher dose, with the most genes responding at 24 h ( Table 2 ). Comparison of differentially expressed genes at the same times after high-or low-dose exposure revealed relatively few genes in common (98, 32 and 11 genes, at 4, 16 and 24 h, respectively). Only 7 genes were differentially expressed at all times after the higher dose, while none were differentially expressed at all time after the low dose. Of interest, 428 genes were regulated in response to the low dose but were not significantly altered after the high dose at any of the times assayed (Supplementary Table 7 ; available online at http://dx.doi.org/10.1667/RR2483.1. S7). The complete microarray data are available through the Gene Expression Omnibus database (http://www. ncbi.nlm.nih.gov/geo/) using accession number GSE16935.
Validation of Gene Expression with qPCR
To confirm the microarray results, we measured the expression levels of individual genes using TaqMan Quantitative real-time reverse transcription PCR (qPCR). We focused on genes regulated by the low dose that showed different patterns of regulation after the high dose. PTGS2, a well-defined radiation response gene, was included as a positive control, while ACTB was used as an endogenous control for normalization. qPCR was performed on all samples used for microarray hybridization. The pattern of relative gene expression measured by qPCR generally agreed with the microarray results (Table 3) .
Gene Ontology Analysis
We next analyzed the differentially expressed gene lists from the microarray studies for enrichment of gene groups with PANTHER (32, 33) , which uses protein sequence information as well as gene families to assign a gene to an ontology group (Table 4) . In samples irradiated with low-dose protons, the most significant biological processes represented among the responding genes were mRNA transcription and nucleotide metabolism (4 h) and cell cycle regulation, as well as blood circulation and gas exchange (16 h). The response to the high dose was dominated by cell cycle processes (4 and 16 h) and later by signal transduction and developmental processes (24 h). Regulation of cell cycle was significantly enriched after both doses, but with different time dependence.
Network Analysis
Next we performed pathway analysis of the differentially expressed gene sets with the Ingenuity core analysis tool. The top interacting networks among genes 
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). To explore potential regulatory hubs, we examined the regulatory factors from the IPA core analysis that had the most network connections. Each regulatory factor was analyzed independently using the IPA Pathway Explorer Tool and information from the Ingenuity Knowledge Base to grow a network of all genes known to be regulated by that factor. Differential expression data from high-and low-dose responses at each time were overlaid on these networks to visualize the impact of radiation. Hubs connected to the largest number of radiation-responsive genes after high-and low-dose exposures were identified. Not surprisingly, TP53 emerged as the dominant hub after high-dose exposure (Fig. 3) , while HNF4A was the most highly connected hub after low-dose exposure (Fig. 4) .
Immunostaining and Western Blot Analysis
Tissues were stained for HNF4A; expression was found to be confined to the nuclei and increased in lowdose irradiated tissues relative to nonirradiated controls (Fig. 5A ) at 16 h postirradiation. This is consistent with a role for HNF4A in the observed low-dose gene expression responses. We also performed Western blot analysis using nuclear extracts from the HCT116 colon cancer cell line, which has wild-type TP53, and its p53 2/2 knockout derivative (28) . The active phosphorylated form of HNF4A was specifically associated with the nuclear fraction in HCT116, and levels increased after irradiation (Fig. 5B) . In response to 2.5 Gy of X rays, levels of phosphorylated HNF4A peaked at 4 h after irradiation and then dropped to well below control levels by 24 h. Levels of active HNF4A increased more slowly after the low 0.1-Gy dose, peaking at 16 h postirradiation. In contrast, the TP53 knockout cells derived from HCT116 cells did not show detectable expression of active HNF4A (Fig. 5B) at any time or dose tested, suggesting that p53 may be required for expression of HNF4A.
DISCUSSION
Tissues irradiated with low or high doses of protons exhibited significant structural abnormalities (Figs. 1  and 2 ). Compared to nonirradiated controls, EPI-200 irradiated with the high dose lacked a continuous basal layer (Fig. 1C) . Proliferating cells and postmitotic squamous cells also appeared together in the same layer. Moreover, the granular layer had lost integrity and was represented by rare cells underlying a thickened cornified layer. In contrast, tissues irradiated with the low dose showed elevated cell proliferation (Fig. 2C) , suggesting initiation of tissue recovery processes. Cornification was also milder than that occurring after the high dose ( Fig. 2A) , suggesting a dose-dependent effect for induction of terminal differentiation. Furthermore, all irradiated samples contained numerous nucleated cells in the cornified layer. Such nucleated corneocytes indicate premature cornification in irradiated tissues and suggest failure of nuclear disintegration at the transition from squamous to cornified layers. The cornified layer in irradiated tissues was also sharply delineated and appeared very dense, suggesting dysfunction of the epidermal barrier.
Although there was little overlap of the genes that significantly responded to high and low doses or at the different times, gene ontology analysis can provide insight into common or divergent processes potentially affected by different sets of genes. Gene ontology analysis of the expression profiling data (Table 4) indicated that processes involved in transcriptional regulation are most affected at early times by exposure to the low dose, while cell cycle and proliferation functions dominate the early response to the high dose. Effects on genes related to cell cycle, proliferation and differentiation continued in tissues exposed to the high dose until at least 16 h after exposure and were also significant in the low-dose-exposed tissues at this time. By 24 h after exposure, signal transduction and developmental processes strongly dominated the tissues exposed to high doses, while significant gene expression changes were no longer detected in the tissues exposed to low doses. These processes are generally consistent with the altered structure ultimately observed in the irradiated tissue and suggest a shift from tissue restoration at the lower dose to greater damage followed by terminal differentiation and tissue restructuring at the higher dose.
In earlier studies of gene expression changes after lowdose irradiation, Yin et al. (21) reported the induction in mouse brain of genes involved in protective functions and downregulation of genes involved in specialized functions, such as neural signaling. Although significance of enrichment was not calculated, cell cycle control and signal transduction functions were well represented among genes responding to 10 cGy c rays in that study. 
RADIATION-INDUCED GENE EXPRESSION IN 3D TISSUE
In cell culture studies, normal human fibroblasts regulated a large number of genes between 1 and 24 h after exposure to 2 cGy X rays (19) , with functions of signal transduction and development being significantly overrepresented among responders. Normal human keratinocytes also responded to 1 cGy X rays by regulating expression of many genes, mostly at 48 and 72 h after exposure (20) . The genes reported as responding only to 1 cGy and not to 1 Gy were significantly enriched for protein metabolism and modification (P 5 1.74 3 10
25 by PANTHER analysis), a category not seen in our study, perhaps due to our focus on earlier times. The category of cell cycle, significant in our low-dose analysis, was the next most significant in the 2D keratinocyte response. Its significance was low (P 5 0.1), however, perhaps due to the exclusion from that analysis of genes responding to both high and low doses. The differences with our results may also be due in part to the measurement of only about 7000 genes in the older studies rather than the whole genome, to the later timeframe of the keratinocyte study, or to differences in radiation response and cellular interactions between cells grown in 2-and 3D cultures.
In a whole genome expression study of full-thickness human skin irradiated in vivo with low doses during radiotherapy, variation between donors was found to be too great to allow confident identification of individual responding genes, leading to the development of a unique gene set enrichment analysis approach (35) . This approach was used to identify gene groups and pathways responding linearly to exposures of 1 and 10 cGy and 1 Gy. Among the responders, cytokines, MAP kinases and zinc finger proteins were significantly upregulated, while S100 and keratins were downregulated (23, 24) . Although our study did not look for linear dose dependence, these responses are consistent with our significant enrichment of signaling and tissue remodeling functions at high dose and transcriptional regulation at low dose. Perhaps the strongest theme emerging from the gene ontology analyses of the EPI-200 data was that of functions related to cell cycle and proliferation. These functions dominated the high-dose response 4 h after exposure and both high-and low-dose responses 16 h after exposure (Table 4) . A more detailed analysis revealed coordinate downregulation of many promitotic genes. Coordinate regulation of such cell cycle genes as CDC2, cyclins, topoisomerase II and centromere-associated proteins has been described previously (36) , and the coordinate downregulation of these and other mitosis-related genes represents the most consistent response to ionizing radiation observed across a set of 60 diverse cancer cell lines (37) .
In the 3D tissue model, the cyclins CCNA2, CCNB1 and CCNB2 as well as CENPE, CENPF and CEP55 were downregulated after both high-and low-dose irradiation. In contrast, microtubule motor (KIF2C, KIF4A, KIFC1, KNTC1, KIF11, KIF15, KIF20A and KIF22) and non-motor (CKAP5 and PRC1) binding proteins, centromere proteins (CENPA, CENPJ, CENPM and CENPT), and KNTC2, a gene involved in spindle checkpoint signaling (38) , were all downregulated only in response to the high dose. Similarly, the G 1 checkpoint inhibitors CDKN1A and CDKN1C were upregulated only by the high dose. By 24 h after exposure to the high but not the low dose, MYC expression was strongly elevated (2.6-fold). Overexpression of Myc in keratinocytes has been shown to stimulate their terminal differentiation (39) . CABP5 and CALML5 were also upregulated in these samples. These genes are involved in calcium signaling, which is the dominant signaling pathway regulating terminal differentiation of keratinocytes. Taken together, this suggests a period of strong cell cycle arrest followed by increasing terminal differentiation in response to highdose radiation exposure, consistent with the decrease in proliferating cells (Fig. 2C ) and increased cornification ( Fig. 2A) observed at later times in these tissues.
In contrast, signals promoting cell cycle arrest after low-dose exposure appear to be less broadly based and shorter lived. In addition, some cell cycle-related genes such as KIF26A and SESN2 were upregulated only by the low dose. SESN2 is of particular interest because it helps regulate cellular protection against oxidative stress (40) , which may promote cell survival and help reduce the propensity toward terminal differentiation after radiation exposure.
Genes linked to blood circulation and gas exchange were also significantly enriched in tissues exposed to both the low dose (at 16 h) and high dose (at 24 h). These responses may be explained by the need to maintain homeostasis of the oxygen supply as the differentiation state and integrity of the tissue changes after radiation exposure. Being avascular tissue, epidermis depends on oxygen supplies from external sources.
In the normal human epidermis, the upper skin layers to a depth of 0.25-0.40 mm are almost exclusively supplied by external oxygen (41) , whereas the bloodstream contributes to oxygen supply at deeper tissue levels. Significant hypercornification observed after irradiation (Figs. 1 and 2A) suggests impairment of the epidermal barrier function, possibly disrupting normal gas exchange.
Among the genes in the gas exchange functional group, three hemoglobin genes (HBA, HBM and CYGB) were upregulated, suggesting a response to an insufficient oxygen supply. Hemoglobins are normally expressed in a variety of tissues including the skin (42) . At least one of the represented genes, CYGB, is known to be directly regulated by hypoxia (43) . Besides its main function, CYGB also contributes to scavenging NO and reactive oxygen species, contributing a protective function in response to oxidative stress (44) . Other upregulated genes involved in gas exchange represent cation channels. SCNN1D, SCNN1G and KCNE1, regulated by the low dose, are involved in regulation of pH in the intracellular milieu (45, 46) . Their upregulation may be a response to a pH change in the tissue. P2RX2, the only ion channel gene upregulated by the high dose, is also upregulated by hypoxia (47) . Moreover, P2RX2 is an ATP receptor and calcium channel, possibly suggesting another link to calcium signaling, which accelerates differentiation and cornification of keratinocytes, as observed in the tissues exposed to the high dose.
Network analysis of the microarray data indicated TP53 as a major hub involved in the response to highdose radiation with lesser response after low-dose exposure, consistent with prior studies (15, 29, 48, 49) . In addition, network analysis implicated HNF4A as a transcription factor responsive to ionizing radiation for the first time. The increased levels of the active phosphorylated form of HNF4A protein present in the nuclear protein fraction after low-dose radiation exposure (Fig. 5) further supports the involvement of HNF4A in radiation response. A role for HNF4A in stress response is not completely unprecedented, however, because it has been shown to differentially activate specific target genes in response to oxidative stress (50) . The acute-phase gene expression response induced in liver by tunicamycin, which causes endoplasmic reticulum stress, was also shown to be partly dependent on HNF4A (51) .
Because the transcriptional activity of HNF4A had been shown to be repressed by TP53 (52), this presented an attractive possible mechanism for the observed shift in the pattern of regulated genes as the radiation dose was increased and levels of TP53 rose. We postulated that disruption of the TP53 gene might allow continued increases in HNF4A levels in cells irradiated by higher doses. This was found not to be the case in HCT116, RADIATION-INDUCED GENE EXPRESSION IN 3D TISSUE however, because in contrast to the wild-type cells, the HCT116 p53 2/2 cells showed no detectable levels of HNF4A protein and no increase in activation (Fig. 5B) after either low-or high-dose exposure. Although this finding supports a role for TP53 in the regulation of HNF4A expression, it suggests a more complex relationship, possibly involving interactions with additional regulatory factors. For instance, c-Myc competes with HNF4A for control of the promoters of genes including CDKN1A and APOC3 (53) , and MYC mRNA was regulated by exposure to high but not low doses in the present study. Binding of SMAD3 and SMAD4 to the HNF4A transactivation domain also affects HNF4A transcriptional activity (54) . Expression of different splice variants has also been implicated in shaping the transactivation profile of HNF4A, with at least 6 adult and 3 prenatal isoforms described (55) . In the absence of wild-type p53, it is possible that methylation of the HNF4A promoter may account for the observed lack of HNF4A expression. The overall methylation level of genomic DNA is often higher in cell lines with disrupted or non-functional TP53 (56) , and HCT116 p53 2/2 has specifically been shown to have a 6-fold higher expression of the methylation enzyme DNMT1 than its p53 wild-type parent line (57), suggesting increased methylation and silencing of target genes compared to the parent cell line. HNF4A expression has recently been shown to be regulated by methylation of the promoter (58) , making this a plausible potential explanation. Further studies will be required to unravel the complex regulation of HNF4A, which has been shown here for the first time to respond specifically to low-dose ionizing radiation.
